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What is the theory of gravity on cosmological
scales?

* In our context: what kind of Horndeski theory?

* Minimal: Adds the simplest possible field content to modify
gravity—one scalar field

* General: The most general modified gravity theory with a single
extra scalar field, which is Lorentz invariant and has upto second
order derivatives in its equations of motion



Linearised Horndeski gravity on cosmological
scales—a dynamical dark energy candidate

GR

+ a simple scalar field ;cé? +V () w(z)
+ nontrivial kinetic term for ¢ g (2)
+ kinetic coupling to gravity (braiding) ap(?)
+ running of the Planck mass M? = 1/8zG (%)
+ nontrivial speed of GWs ar(z)
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What can modified gravity do on cosmological
scales?

* Modify the Poisson equations for nonrelativistic and relativistic
matter.
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Two ways to constrain cosmological gravity

* To constrain modified gravity from data, we typically parametrise
the time dependence of the independent degrees of freedom.

* We can parametrise the phenomenology, i.e. 1i(2). 2(2) directly, or
we canh assume they come from an underlying theory and
parametrise the theory, i.e, ap(z), ay(z).



Two ways to constrain cosmological gravity

Theory-informed parametrisations:

e Start with a Horndeski theory

e Parametrise ag(z),an(z) and
constrain them with data

* Derive the Poisson equations
from the theory to infer p(z), X(z)

Phenomenological parametrisations:

* Start with the Poisson
equations for light and matter

 Parametrise 1:(z),%(z) and
constrain them with data



Phenomenological parametrisation

Parametrisation: 1 — 1,7 — 1 < QpEg
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Theory-informed parametrisation

Parametrisation: ag, ay < Qpg
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Cosmological probes of gravity

* CMB anisotropies and lensing (Planck)
* Redshift space distortions (eBOSS)
* Late Integrated Sachs-Wolfe effect (Planck x galaxy catalogs)

* Plus probes of the background expansion:

= Baryon acoustic oscillations (eBOSS)
= Type la supernovae (Pantheon+)
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 Constraints are typically quoted for 10 = (=



Results: Horndeski gravity leads to a
theoretical prior on 1. 2o
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Theoretical priors Level 2: Theory-informed
choices on Horndeski gravity

* Can the cosmic expansion history differ from LCDM?

* Can the speed of GWs on cosmological scales differ from the
speed of light?

* Avoiding instabilities of dark energy perturbations induced by a
GW background



Can the cosmic expansion history differ from
LCDM?

* An LCDM expansion history is commonly assumed when
constraining as(z), vx(2). This need not be true for general
Horndeski theories. Plus DESI DR2 results!

* Are constraints on the derived u(z), X(z) robust to varying the
expansion history?



Results: Robustness to background
expansion history
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Can the speed of GWs on cosmological
scales differ from the speed of light?

* [tis nontrivial to extrapolate the tight constrain on GW speed from
the scales of LIGO to cosmological length scales, which are 20
orders of magnitude larger. (de Rham, Melville 2018)

* Are constraints on the derived u(z), X(z) robust to varying the speed
of GWs?



Results: robustness to varying the speed of
GWs




Avoiding instabilities of dark energy
perturbations sourced by a GW background

* [twas shown in Creminelli et al. (2019) thatin the presence of a
GW background such as one sourced by binary black holes, dark
energy perturbations can develop ghost and gradient instabilities.

* This condition is applied on top of the cow = ¢ assumption. It
Imposes a deterministic relation between az(z) and au(z),
effectively combining these two degrees of freedom into one.



Results: Theoretical prior motivated by
stability in a GW background
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Results: Theoretical prior motivated by
stability in a GW background
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Results: Theoretical prior motivated by
stability in a GW background
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Summary

* Modified gravity phenomenology on cosmological scales
Is described by 1(z), 2(z) which modify the Poisson equation.

* 1(2),2(7z) can be parametrised phenomenologically, or can be
derived within Horndeski gravity, which is a well-motivated class
of scalar-tensor gravity theories that can explain dark energy.

* The underlying Horndeski framework imposes a theoretical prior
on their present day values o, 2o

* We can impose/relax further theoretical priors that apply to the
Horndeski theory space itself.

* These theoretical priors have a substantial effect on the posteriors
of uo, X0 iInferred from observations.



Thank You!

Happy to take questions now or later!
neel.shah@port.ac.uk
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